ABSTRACT
INTRODUCTION The Turbine Engine.Hot S e c t i o n Technology (HOST) Program was s t a r t e d by NASA i n t h e l a t e 1970's i n o r d e r t o develop technology l e a d i n g to improved h o t s e c t i o n d u r a b i l i t y . The program was a m u l t i d i s c i p l in a r y e f f o r t i n v o l v i n g s t r u c t u r e s , surface p r o t e c t i o n , f a t i g u e , combustion, heat t r a n s f e r , and instrumentat i o n . The o b j e c t i v e o f t h e i n s t r u m e n t a t i o n p o r t i o n o f t h e program was t o develop improved measurements capab i l i t y t o measure t h e environment w i t h i n the h o t s e c t i o n and measure t h e response o f h o t s e c t i o n components t o t h a t imposed environment. ment programs t h a t r e s u l t e d i n c l u d e d t h e f o l l o w i n g :
( 1 ) Development of sensors f o r measuring the heat f l u x on combustor l i n e r s and t u r b i n e a i r f o i l s .
(2) Development of a system t o measure t h e f l u c t ua t i n g component of combustor e x i t temperature w i t h a frequency response t o 1000 Hz.
(
) Development o f l a s e r anemometer techniques for a p p l i c a t i o n s i n h o t s e c t i o n s . ( 4 ) Development o f an o p t i c a l system f o r viewtng t h e i n t e r i o r o f a combustor d u r i n g o p e r a t i o n .

Instrument develop-( 5 ) Development o f h i g h temperature s t r a i n measuri n g systems. I n a d d i t i o n t o t h i s , a major e f f o r t was s t a r t e d j u s t p r i o r t o t h e s t a r t o f HOST t o develop t h i n f i l m sensors f o r a p p l i c a t i o n s i n h o t sections, p a r t i c u l a r l y f o r t h e measurement o f t u r b i n e a i r f o i l surface temperat u r e .
o f these sensors and measuring systems and, i n some cases, w i l l show examples o f measurements made w i t h t h i s new i n s t r u m e n t a t i o n . The work described was done a t the NASA Lewis Research Center and a t v a r i o u s cont r a c t and g r a n t f a c i l i t i e s .
HEAT FLUX SENSORS This paper w i l l d e s c r i b e the s t a t e o f development One o f t h e important environmental parameters i n t h e h o t s e c t i o n i s heat f l u x . The heat f l u x i s one o f t h e v a r i a b l e s i n t h e heat balance equation which establ i s h e s the c o o l i n g requirements and t h e a n t i c i p a t e d surface temperature o f a h o t s e c t i o n component. There i s n o t s u f f i c i e n t knowledge o f heat t r a n s f e r c o e f f ic i e n t s under engine o p e r a t i n g c o n d i t i o n t o p e r m i t pred i c t i o n o f surface temperatures t o w i t h i n acceptable
accuracy. This i s e s p e c i a l l y t r u e as heat f l u x e s approach 1 MW/m2. I n i t i a l work was d i r e c t e d a t develo p i n g sensors f o r use i n combustor l i n e r s (Atkinson e t a l . , 1983; Atkinson and Strange, 1982 ; Atkinson e t a l . , 1985a). I n l a t e r work sensors were mounted i n t o a i r cooled blades and vanes (Atkinson e t a l . , 1984; Atkinson e t a l . . 1985b).
which t h e temperature d i f f e r e n c e p r o p o r t i o n a l t o heat conduction through t h e sensor body i s measured. D i ff e r e n t i a l thermocouples u s i n g t h e sensor body m a t e r i a l as p a r t o f t h e c i r c u i t were used t o measure t h e tempera t u r e d i f f e r e n c e s . C a l i b r a t i o n s (Holanda, 1984) 
were made o f the t h e r m o e l e c t r i c p o t e n t i a l o f a number o f engineering a l l o y s and these e s t a b l i s h e d t h e v a l i d i t y o f t h i s approach, which considerably s i m p l i f i e d f a b r ic a t i o n .
Figures 1 and 2 show t h e sensors t h a t were developed for combustor l i n e r s . The sensor i s b u i l t i n t o a H a s t e l l o y X d i s k 0.8 cm i n diameter and t h e same t h i c kness as t h e l i n e r . A f t e r c a l i b r a t i o n o f the sensor Sensor designs f o l l o w e d conventional concepts i n the d i s k i s welded i n t o a hole c u t i n the l i n e r . Figu r e 1 shows the embedded thermocouple sensor. The d i s k i s grooved so t h a t 0.25 mm o u t s i d e diameter sheathed, s i n g l e conductor thermocouple w i r e can be l a i d i n t o the grooves and covered w i t h weld m a t e r i a l . The thermocouple wires are I S A Type K . Chromel-Alumel, and s i n g l e conductor leads a r e used so as t o m a i n t a i n good i n s u l a t i o n r e s i s t a n c e between the w i r e and the e x t e r n a l metal ;heath.
Grounded Alumel j u n c t i o n s are located on the h o t and c o l d side o f the sensor body and a Chromel j u n c t i o n i s added t o the c o l d s i d e . A voltage measurement between the Alumel leadwires ( i . e . , using the Alumel-Hastelloy X-Alumel d i f f e r e n t i a l t h e rmocouple) p r o v i d e s the hot-to-cold s i d e temperature d i f f e r e n c e p r o p o r t i o n a l to the one-dimensional heat f l o w through the sensor body a t t h a t p o i n t . A measurement u s i n g the conventional Chromel-Alumel thermocoup l e provides the c o l d side temperature o f the sensor.
the sensor body has a 1 . 5 mm diameter c y l i n d r i c a l c a v i t y on the c o l d s i d e so t h a t a t h i n membrane of m a t e r i a l i s l e f t on the h o t side. Alumel w i r e s are p o s i t i o n e d so the j u n c t i o n s are formed w i t h t h e H a s t e l l o y X a t t h e center o f the membrane and halfway u p t h e s i d e w a l l o f t h e c a v i t y . A Chromel w i r e j u n c t i o n i s a l s o made on t h e s i d e w a l l of t h e c a v i t y . A f t e r the thermocouples are i n s t a l l e d , the c a v i t y i s f i l l e d w i t h ceramic cement.
Sensors o f the embedded thermocouple and Gardon Gage types have a l s o been b u i l t i n t o a i r cooled blades and vanes. I n the case o f t u r b i n e blades, two-piece blades were used and the sensors were i n s t a l l e d from the c o o l i n g passage s i d e o f t h e blade. halves were then j o i n e d by b r a z i n g . I n the case o f vanes, sections o f t h e vane w a l l opposite t o the d e s i r e d sensor s i t e s were removed and the sensors were i n s t a l l e d through these "windows." F i g u r e 3 d e p i c t s the i n s t a l l a t i o n process on a t u r b i n e vane.
The heat f l u x sensors were c a l i b r a t e d over a heat f l u x range up t o 1.7 MW/m2 and a temperature range t o 1250 K . The c a l i b r a t i o n s were accomplished by imposi n g a known r a d i a n t heat f l u x on the h o t s i d e surface o f the sensor and f l o w i n g c o o l i n g a i r over the c o l d s i d e surface. The h o t s i d e surface was coated w i t h a h i g h temperature b l a c k p a i n t w i t h a measured absorptance and emittance o f 0.89 over the t e s t temperature range. I n a l l cases the reference temperature was measured and used t o estimate t h e h o t side surface tempera t u r e so t h a t energy being r a d i a t e d away from the h o t surface c o u l d be c a l c u l a t e d and taken i n t o account. Estimates o f t h e convective heat flow from the h o t surf a c e were a l s o made and used i n t h e heat balance.
The heat f l u x sensor c a l i b r a t i o n systems used banks o f tungsten f i l a m e n t lamps enclosed i n q u a r t z tubes as heat f l u x sources; the most powerful o f these systems provided heat f l u x e s up t o 1.7 MW/m2. The q u a r t z lamp r i g s were capable o f l o n g time and c y c l i c o p e r a t i o n a t reduced heat f l u x e s . Thermal c y c l i n g and d r i f t t e s t s were r u n on these sensors u s i n g t h i s c a p a b i l i t y . sors have i n d i c a t e d t h a t measurements can be achieved f a i r l y r e a d i l y on combustor l i n e r s , b u t t h a t accurate measurements on a i r f o i l s are d i f f i c u l t t o achieve. Combustor l i n e r measurements have been made both a t a c o n t r a c t o r f a c i l i t y and a t NASA Lewis u s i n g sensors whose c a l i b r a t i o n u n c e r t a i n t y i s w i t h l n 4 percent of a nominal f u l l scale heat f l u x o f 1 MW/m2. shows an instrumented combustor l i n e r segment. Figure 5 compares measured values o f heat f l u x conducted through a combustor l i n e r and r a d i a n t f l u x i n c ident on the l \ n e r a t d i f f e r e n t combustor pressure l e v e l s . The r a d i a n t heat f l u x was measured w i t h a comm e r c i a l radiometer. The combustor l i n e r i n t h i s t e s t Figure 2 shows a Gardon Gage sensor. I n t h i s case
The two blade C a l i b r a t i o n and performance t e s t s on heat f l u x sen- Test r e s u l t s from sensors mounted i n t u r b i n e a i rf o i l s i n d i c a t e t h a t these sensors a r e s u f f i c i e n t l y s e n s i t i v e t o transverse gradients i n heat f l u x and temp e r a t u r e t h a t a p p l i c a t i o n s i n blades and vanes must be c a r e f u l l y evaluated. The g r e a t e r complexity o f the a i r f o i l s (e.q., h i g h surface curvature and c o o l i n g passage s t r u c t u r e ) causes more severe g r a d i e n t s than were encountered i n combustor l i n e r s . S e n s i t i v i t y t o transverse g r a d i e n t s i s e s p e c i a l l y apparent i n the Gardon gage sensor because o f i t s l a c k o f symmetry.
DYNAMIC GAS TEMPERATURE MEASURING SYSTEM
Another important environmental parameter i n t h e h o t s e c t i o n o f a t u r b i n e engine i s the gas temperature. I n general, most a t t e n t i o n has been d i r e c t e d a t the time-average value o f gas temperature r a t h e r than the f l u c t u a t i n g component o f gas temperature.
It i s genera l l y agreed t h a t t h e r e may be s i g n i f i c a n t temperature f l u c t u a t i o n i n the gas e x i t i n g a combustor due t o incomplete m i x i n g of the combustion and d i l u t i o n gas streams. I t i s a l s o agreed t h a t thermal c y c l i n g o f the surfaces o f t u r b i n e a i r f o i l s can r e s u l t i n s p a l li n g o f o x i d e f i l m s used f o r c o r r o s i o n p r o j e c t i o n and thus shorten the l i f e o f the a i r f o i l s . Development o f a system to measure gas temperature f l u c t u a t i o n s was undertaken t o a i d i n modeling combustor flow and i n studying t h e thermal c y c l i n g of a i r f o i l surfaces. Comb u s t o r modeling requirements s e t the frequency response goal a t 1000 Hz.
t o determine i n s i t u the compensation spectrum r e q u i r e d t o c o r r e c t for t h e l i m i t e d frequency response o f a thermocouple probe l o c a t e d i n the gas stream. Frequency compensation has often been used, e s p e c i a l l y w i t h hot w i r e anemometers, i n the measurement o f dynamic flow phenomena. The problem w i t h t h i s technique when a p p l i e d t o a thermal element i n a flow stream i s t h a t the r e q u i r e d compensation spectrum i s a f u n c t i o n o f both the thermal mass o f the thermocouple and the c o e f f i c i e n t for heat t r a n s f e r between t h e gas and the thermocouple. This heat t r a n s f e r c o e f f i c i e n t i s a f u n c t i o n o f t h e gas flow c o n d i t i o n s . Each time the flow c o n d i t i o n s change, the compensation spectrum must be redetermined. I n some cases estimates o f t h e compensation spectrum may be s u f f i c i e n t ; i n t h i s case i t was important to be able t o make i n s i t u determinat i o n s o f the compensation spectrum.
The system t h a t was developed (Elmore e t a l . , 1984; Elmore e t a l . , 1983; Elmore e t a l . , 1986a and b; Stocks and Elmore. 1986 ) uses a dual element thermocouple probe such as shown i n F i g . 6. Thermocouples are formed w i t h c a r e f u l l y b u t t welded j u n c t i o n s so t h a t t h e r e i s no v a r i a t i o n i n diameter i n t h e r e g i o n o f the j u n c t i o n . These thermocouples are each supported across a p a i r o f support posts so t h a t they a r e p a r a ll e l c y l i n d e r s i n cross f l o w and are i n c l o s e enough p r o x i m i t y tapprox 1 mm) so t h a t they are measuring t h e same temperature. The thermocouple wires and the supp o r t posts a r e made from Pt-30RhIPt-6Rh.
The thermocouple j u n c t i o n s are midway between the support posts. The two thermocouples have d i f f e r e n t diameters, commonly 75 and 250 pm. N e i t h e r o f these thermocouples have the d e s i r e d frequency response, b u t a comparison o f t h e i r dynamic s i g n a l s can lead t o the needed compens a t i o n spectrum. The technique i s based on the use o f the r a t i o o f the F o u r i e r c o e f f i c i e n t s o f the dynamic s i g n a l s f o r frequencies i n the range where the s i g n a l s
The approach used i n t h i s work was t o devise a way ORIGINAL PAGE f S OF POOR QUALlTY become attenuated. I n t h e svstem which has been developed, the s i g n a l s a r e recorded on magnetic tape and processed i n a general purpose d i g i t a l computer a t a l a t e r time. The d a t a r e d u c t i o n process takes approxi mately 5 min f o r each f l o w c o n d i t i o n f o r which a new compensation spectrum must be c a l c u l a t e d .
Elmore e t a l . (1986 a and b) describe experiments t o demonstrate the frequency response o f t h e system. Measurements were made i n a s p e c i a l l y designed t e s t r and i n the exhaust o f an atmospheric burner. Compari sons were made between t h e dynamic gas temperature sy tem and v e r y f i n e w i r e r e s i s t a n c e thermometers ( 6 and 12 um w i r e diameters). A t low freauencies (below 250' Hz) w i t h reasonable temperature f l u c t u a t i o n s agreements w i t h i n *23 percent were obtained. Poorer r e s u l t s were o b t a i n e d a t h i g h e r frequencies b u t here the temp e r a t u r e f l u c t u a t i o n s were so small as t o make the d a t a questionable.
This system has been used to measure f l u c t u a t i n g temperature i n b o t h t u r b i n e engines and i n combustor t e s t r i g s . A sample o f d a t a f r o m a t u r b i n e engine t e s t i s shown i n F i g . 7. I n t h i s t e s t the probe was l o c a t e d between f i r s t -s t a g e t u r b i n e vanes. For t h e data shown i n F i g . 7, the engine was o p e r a t i n g a t an i n t e r m e d i a t e power l e v e l and the average gas temperat u r e was 1200 K. F i g u r e 7 shows f o u r p l o t s o f f l u c t ua t i n g temperature versus time. Figures 7(a) and ( b ) shown t h e uncompensated s i g n a l s from the 75 and 250 pm thermocouples. Note t h a t the temperature scales on these p
l o t s have been a d j u s t e d so as t o show the waveforms. A l s o n o t e t h a t t h e r m s temperature f l u c t u a t i o n i s l i s t e d on each p l o t . Figure 7(c)
shows t h e compensated temperature f l u c t u a t i o n f r o m the 75 pm thermocoup l e , and F i g . 7(d) show an expanded time segment o f t h e compensated s i g n a l . The rms value o f t h e compensated temperature f l u c t u a t i o n i s 218 K and t h e peakto-peak f l u c t u a t i o n i s approximately 2500 K.
LASER ANEMOMETRY
The l a s e r anemometer (LA) has become a valuable tool i n t u r b i n e engine research, p r o v i d i n g data t h a t would be almost impossible t o gather u s i n g convent i o n a l i n s t r u m e n t a t i o n . However, the use o f LA i n t u rbomachinery has proven t o be one o f i t s m r e d i f f i c u l t a p p l i c a t i o n s . Turbomachinery components a r e t y p i f i e d by small passages and h i g h l y accelerated, h i g h -v e l o c i t y f l o w s . This leads t o the need f o r small seed p a r t i c l e s t h a t w i l l f a i t h f u l l y f o l l o w the f l o w . U n f o r t u n a t e l y , small p a r t i c l e s a r e weak l i g h t s c a t t e r e r s , which r e s u l t i n low s i g n a l l e v e l s . I n a d d i t i o n , measurements i n small passages r e q u i r e g r e a t care i n the design of the o p t i c s to minimize t h e amount o f detected surfaces c a t t e r e d l a s e r l i g h t ( f l a r e ) . A l l these considerat i o n s must be i n c l u d e d i n the design o f an LA t o o b t a i n t h e maximum amount o f accurate data i n minimum experimental r u n times.
HOST experiments where researchers planned t o use LA were s t u d i e d t o determine c r i t i c a l technology areas. Research programs were then conducted i n several o f these areas i n c l u d i n g o p t i c a l design, seed generation, s i g n a l processing, and d a t a a c q u i s i t i o n . An ambient pressure, laboratory-type combustor was used t o evalua t e o p t i c a l systems and s i g n a l processors.
Modeling o f Fringe-Type LA The f r i n a e -t v o e LA was analvzed (Seasholtz e t a l . . 1984) u s i n g fhe &amer-Rao lowe; bound for t h e v a r iance o f t h e estimate o f the Doppler frequency as a f i g u r e o f m e r i t . Mie s c a t t e r i n g t h e o r y was used t o c a l c u l a t e t h e Doppler s i g n a l w i t h both the amplitude and phase o f t h e s c a t t e r e d l i g h t taken i n t o account.
The n o i s e due to w a l l s c a t t e r ( f l a r e ) was c a l c u l a t e d using the w a l l b i -d i r e c t i o n a l r e f l e c t a n c e d i s t r i b u t i o n f u n c t i o n (8RDF) and t h e i r r a d i a n c e o f the i n c i d e n t beams. aperture stop shape for the probe volume l o c a t e d a given d i s t a n c e f r o m a w a l l . f u n c t i o n o f probe volume t o w a l l distance f o r two o p t ical systems w i t h optimum a p e r t u r e masks.
The 8RDF was measured f o r a number o f uncoated m a t e r i a l s , f i n i s h e s , and surface c o a t i n g . Data were obtained f o r "as machined" surfaces, pol i shed surfaces, glossy b l a c k c o a t i n g s , and f l a t back coatings. Based on these data, t h e b e s t surface f o r LA a p p l i c at i o n s appears t o be a g l o s s y b l a c k c o a t i n g . Although a b l a c k g l o s s y surface has a r e l a t i v e l y l a r g e specular r e f l e c t i o n , the d i f f u s e l y r e f l e c t e d l i g h t , which i s u s u a l l y o f g r e a t e s t concern i n LA systems, i s substant i a l l y l e s s than the d i f f u s e l y r e f l e c t e d l i g h t from a f l a t b l a c k c o a t i n g .
Seedi n q LA are p r i m a r i l y t h e same as low temperature LA, w i t h the exception t h a t the p a r t i c l e s must r e t a i n those c h a r a c t e r i s t i c s a t h i g h temperatures. Based on a survey o f a v a i l a b l e m a t e r i a l s , a p a r t i c u l a r grade of aluminum o x i d e (nominal 1 pm d i a d was selected. A commercial, high-volume f l u i d i z e d bed was chosen t o disperse t h e seed p a r t i c l e s .
f e a s i b i l i t y o f u s i n g c h e m i c a l l y formed seed for h o t f l o w s . T i t a n i u m t e t r a c h l o r i d e vapor was i n j e c t e d i n t o the f l o w where i t reacted w i t h the water vapor t o form t i t a n i u m d i o x i d e and h y d r o c h l o r i c a c i d ( H C l ) . t i t a n i u m d i o x i d e i s a s u i t a b l e h i g h temperature seed
m a t e r i a l ; i t has a sub-micron s i z e , and i t i s produced i n l a r g e q u a n t i t i e s . However, the H C I , i f n o t n e u t r a lized, can cause c o r r o s i o n , which l i m i t s the a p p l i c at i o n o f t h i s seeding technique.
A procedure was developed t o f i n d the optimum Figure 8 shows SNR as a
P a r t i c l e c h a r a c t e r i s t i c s necessary f o r h o t s e c t i o n An experiment was a l s o conducted t o determine the
The Preprocessor f o r Frlnge-Type LA The q u a l i t y o f d a t a from an LA i s c r i t i c a l l y deoendent on a number o f c o n t r o l s e t t i n s s of the S i Snai processor. These t y p i c a l l y i n c l u d e -t h e o p t i c a ld e t e c t i o n system g a i n (determined by t h e photomultip l i e r tube h i g h v o l t a g e and a m p l i f i e r gain) and the e l e c t r i c a l f i l t e r s used t o remove the low frequency pedestal component and t o reduce shot noise. A study was made t o q u a n t i f y t h e e f f e c t o f f i l t e r s on measurement accuracy (Oberle and Seasholtz, 1985) . Several common f i l t e r designs were examined. I t was shown t h a t both t h e f i l t e r type and t h e c u t o f f frequencies must be c a r e f u l l y s e l e c t e d t o a v o i d f i l t e r -i n d u c e d e r r o r s i n counter-type processors. these e r r o r s a r e p a r t i c u l a r l y s i g n i f i c a n t f o r probe volumes c o n t a i n i n g a small number o f f r i n g e s and f o r h i g h l y t u r b u l e n t f l o w . a l l y have h i g h o p e r a t i o n a l costs, so i t i s necessary t o acquire t h e d e s i r e d d a t a i n a minimum time. s i v e o p e r a t o r i n t e r a c t i o n w i t h the i n s t r u m e n t a t i o n duri n g a t e s t r u n i s u s u a l l y n o t d e s i r a b l e . To p r o v i d e f o r e f f i c i e n t d a t a a c q u i s i t i o n and c o r r e c t processor s e t t i n g s , a computer-controlled i n t e r f a c e ( c a l l e d a preprocessor) was designed, f a b r i c a t e d , and t e s t e d (Oberle. 1987 ). The preprocessor ( F i g . 9 ) a m p l i f i e s the s i g n a l from the photodetector, f i l t e r s i t u s i n g both low-and high-pass f i l t e r s , and then routes i t t o the counter processor.
The c h i e f v i r t u e o f the preprocessor i s t h a t i t provides d i r e c t computer c o n t r o l o f the PMT h i g h v o l tage, the r f g a i n (50 dB o f a m p l i f i c a t i o n and a programmable a t t e n u a t o r are used t o provide c o n t r o l over the range -77 dB t o +50 dB i n 1 dB steps), and s e l e c t i o n I t was shown t h a t Experiments i n turbomachinery t e s t f a c i l i t i e s usuExten-o f the low-and high-pass f i l t e r s ( 8 low-pass and 8 high-pass).
I n a d d i t i o n , the preprocessor provides computer c o n t r o l of the seed generator and a l l o w s comp u t e r m o n i t o r i n g of t h e PMT dc c u r r e n t . With proper software, the preprocessor w i l l a l l o w the researcher t o preprogram the v a r i o u s processor s e t t i n g s based on the expected f l o w c o n d i t i o n s . I t w i l l a l s o be possib l e to use "smart" adaptive software t o s e l e c t the proper s e t t i n g s based c u r r e n t measurement parameters such as the frequency, turbulence i n t e n s i t y , and noise l e v e l .
Four-Spot LA
The conventional fringe-type LA has a l a r g e acceptance angle ( i . e . , i t can measure v e l o c i t i e s having a wide range o f flow angles). b u t i t has a r e l a t i v e l y l a r g e probe volume. This l a r g e probe volume l i m i t s the c l o s e s t measurements t o about 1 mm from surfaces. The conventional t i m e -o f -f l i g h t LA (aka two-spot o r t r a n s i t LA) has a much smaller probe volume, which a l l o w s i t to measure much c l o s e r t o surfaces. However, the two-spot LA has a very l i m i t e d acceptance angle, which g r e a t l y reduces i t s c a p a b i l i t i e s i n h i g h l y t u r b u l e n t f l o w s .
The need f o r an anemometer i n c o r p o r a t i n g the l a r g e acceptance angle of t h e f r i n g e LA and the a b i l i t y o f t h e two-spot LA t o measure close t o w a l l s l e d t o the development o f a new type o f t i m e -o f -f l i g h t LA (Lading, 1983; Wernet and Edwards, 1986) . The new Four-Spot LA, shown i n F i g . 10, incorporates two f e a t u r e s . One i s t h e use of e l l i p t i c a l r a t h e r than c i r c u l a r spots t o g i v e a l a r g e acceptance angle. (This use o f two e l l i pt i c a l spots i s a l s o c a l l e d a two-dash o r two-sheet t i m e -o f -f l i g h t LA.) The o t h e r f e a t u r e , which i s unique, i s t h e use o f f o u r beams arranged t o form two p a i r s o f o r t h o g o n a l l y p o l a r i z e d , p a r t i a l l y o v e r l a p p i n g spots. This a l l o w s the use of an o p t i c a l method t o a c c u r a t e l y determine t h e s t a r t and stop t i m i n g s i g n a l s . P r e v i o u s l y , delay-and-subtract techniques were used t o generate t h e t i m i n g s i g n a l s . The o p t i c a l method, u n l i k e d e l a y and s u b t r a c t , i s independent o f the veloci t y . This i s advantageous i n h i g h l y t u r b u l e n t f l o w o r i n o t h e r flows w i t h a wide range o f v e l o c i t i e s .
The Four-Spot LA was designed, f a b r i c a t e d , and succ e s s f u l l y t e s t e d . Measurements were obtained as close as 75 pm from a normal surface (Wernet, 1987) . Compari s o n measurements were a l s o made u s i n g the four-spot LA, a two-spot LA, and a f r i n g e -t y p e LA i n the v i c i ni t y o f a s i n g l e t u r b i n e vane mounted i n the exhaust o f the open j e t burner (Wernet and Oberle, 1987) .
Windows and C o r r e c t i o n O p t i c s o b t a i n measurements w i t h o u t a l t e r i n g the f l o w being studied. With o p t i c a l techniques t h i s means t h a t t h e
window contour should match t h e i n t e r n a l flow passage contour. One Lewis HOST f a c i l i t y was a 508 mm diame t e r , s i n g l e stage, a x i a l flow t u r b i n e f a c i l i t y . Two c y l i n d r i c a l windows were designed t o a l l o w measurements w i t h i n the s t a t o r and r o t o r passages. These windows, however, a c t as c y l i n d r i c a l lenses t h a t introduce aberr a t i o n s i n t o the LA o p t i c a l system. I f n o t corrected, these a b e r r a t i o n s can g r e a t l y degrade the measurements o r even prevent any measurements. A monochromatic corr e c t i o n o p t i c ( F i g . 1 1 ) was designed for t h i s applicat i o n (Wernet and Seasholtz, 1987) 
. The a d d i t i o n o f the c o r r e c t i o n o p t i c r e s t o r e s the d i f f r a c t i o n l i m i t e d performance o f the o p t i c a l system. COMBUSTOR VIEWING SYSTEM I n turbomachinery s t u d i e s i t i s h i g h l y d e s i r a b l e t o Another way t o determine the response o f a component t o the h o t s e c t i o n environment i s t o monitor v i s -
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OF POOR QUALITY ual images o f the component d u r i n g o p e r a t i o n . This i s n o t l i k e l y t o produce q u a n t i t a t i v e data but, i n some cases, q u a l i t a t i v e data a r e s u f f i c i e n t o r even p r e f e r ab l e . A case i n p o i n t i s the Combustor Viewing System (Morey, 1984; Morey, 1985) .
This system was designed t o p r o v i d e recorded images o f t h e i n t e r i o r o f a combustor d u r i n g o p e r a t i o n ; t h e o b j e c t i v e was t o produce a v i s u a l r e c o r d of some o f the causes o f premature h o t s e c t i o n f a i l u r e .
The Combustor Viewing System c o n s i s t s o f a water cooled o p t i c a l probe, a probe a c t u a t o r , an o p t i c a l i nt e r f a c e u n i t t h a t couples t h e probe t o cameras and t o an i l l u m i n a t i o n source, and system c o n t r o l s . w i t h i t s a c t u a t o r i s designed t o mount d i r e c t l y on an engine o r a combustor. The probe i s 12.7 mm i n diame t e r , small enough t o f i t i n t o an i g n i t e r p o r t . The a c t u a t o r provides a r o t a t i o n a l motion o f e180" and r a d i a l i n s e r t i o n t o a maximum depth o f 7.6 cm. Two probes were b u i l t t o use w i t h the system. The wide f i e l d -o f -v i e w probe can be f i t t e d w i t h lenses f o r 90"
and 60" fields-of-view, w i t h t h e viewing a x i s o r i e n t e d 45" t o the a x i s of the probe. The narrow f i e l d -o f -v i e w probe has lenses f o r 35" and 13" f i e l d s -o f -v i e w t h a t are o r i e n t e d 60' r e l a t i v e t o t h e probe a x i s . Both probes a r e water cooled and gas purged and are capable o f o p e r a t i n g w i t h i n t h e p r i m a r y combustion zone o f a combustor.
Figures 12(a) and (b) show cross s e c t i o n views o f the two probes. I n each case an image conduit i s used to t r a n s f e r the image through t h e l e n g t h o f the probe.
The image conduit i s a fused bundle o f f i b e r s 3 mm i n diameter and c o n s i s t s o f about 75 000 f i b e r s 10 pm i n diameter. Each of these f i b e r s corresponds to a p i ct u r e element. The image c o n d u i t i s 33 cm long and i s coupled to a f l e x i b l e f i b e r bundle which connects the probe t o the o p t i c a l i n t e r f a c e u n i t . Each probe i s a l s o equipped w i t h two 1 mm diameter p l a s t i c c l a d fused q u a r t z f i b e r s used f o r i l l u m i n a t i o n when r e q u i r e d . t e r s , and an i l l u m i n a t i o n source. E i t h e r f i l m or video cameras can be remotely s e l e c t e d and up t o e i g h t f i l t e r s can be i n s e r t e d i n t o t h e viewing path. The i l l u m i n a t i o n source i s a mercury arc lamp which i s focused on the ends of the i l l u m i n a t i o n f i b e r s .
This system has been used i n both combustor and f u l l scale engine t e s t s . Although t h e o r i g i n a l use for t h e system was i n combustor l i n e r d u r a b i l l t y studies, the system a l s o has c a p a b
i l i t y as a f l o w p a t h diagnost i c device. I t has been used t o examine l i g h t o f f and blowout c h a r a c t e r i s t i c s and appears t o have considerab l e p o t e n t i a l f o r o t h e r time dependent phenomena and for flame radiometry. Subsequent t o t h e i n i t i a l development program, a d d i t i o n a l systems were b u i l t and p u t i n t o s e r v i c e i n a i r c r a f t engine development work and i n t e s t i n g t u r b i n e engines used t o generate e l e c t r i c a l power. H I G H TEMPERATURE STRAIN MEASURING SYSTEMS
The most ambitious i n s t r u m e n t a t i o n development e f f o r t i n t h i s program i s the development o f high-temp e r a t u r e s t r a i n measuring systems. The t a r g e t goal f o r t h i s work i s to measure s t r a i n (approx 2000 micros t r a i n , maximum) a t temperatures up t o 1250 K w i t h an u n c e r t a i n t y of + l o percent. This requirement i s f o r r e l a t i v e l y s h o r t term t e s t i n g ; a 50 h r sensor l i f e i s considered s u f f i c i e n t . S p a t i a l r e s o l u t i o n o f t h e order o f 3 mm i s desired and where measurements are r e q u i r e d on blades or vanes, l a r g e temperature g r a d i e n t s are a n t i c i p a t e d . I n general, the requirement i s f o r steady-state measurements as d i f f e r e n t i a t e d from dynamic ( f l u c t u a t i n g component o n l y ) measurements.
The probe
The o p t i c a l i n t e r f a c e u n i t c o n t a i n s cameras, f i l -
The principal candidate for making such measurements under similar but lower temperature conditions (less than approx 700 K) is the resistance strain gage. However, at the higher temperatures, strain measurements become increasingly difficult and the commonly used strain gages are marginal at best. A s the required temperature range increases, the magnitude of the correction for apparent strain becomes substantially larger than the strain signal and the uncertainty of the correction is excessive. To meet the goals listed above, the uncertainty of the apparent strain correction must be less than t2CO microstrain. This requirement translates t o a repeatability of the resistance versus temperature for the mounted strain gage to be well within 2400 parts per million (ppm), based on a gage factor of two.
We made an extensive study of potentially useful high-temperature static strain measurement techniques (Hulse et al., 1987a) . As a result of this study, we are pursuing the following to improve our high temperature strain measuring capability:
( 1 ) developing improved high temperature strain Fig. 15 . It should be noted that these data imply a repeatability in resistance measurement t o the order of 100 ppm; it is likely that some of the fluctuation in these curves is attributable to the measuring system rather than the resistance of the alloy samples.
perty that we feel is essential for high-temperature strain gage work. However, there are other properties required for good strain gages and the PdCr alloy may not be ideal considering these properties. The temperature coefficient o f resistance is high enough that temperature compensation will be required; the added complication and the larger gage size required for this will have t o be accommodated. Other potential problems such as oxidation resistance o f high surface-to-volume ratio thin films and fine wires, gage factor changes with temperature, and the elastic/plastic strain properties are still under investigation.
The repeatability of the PdCr alloy is the pro-
Work With Available Strain Gaqes
Learning how best t o use available strain gages in high-temperature applications requires that consider-' able experimental work be done t o explore strain gage characteristics and devise optimum procedures for specific applications. Such work i s very time consuming, especially when tests at many different temperatures are required. Consequently, one of our objectives in this work was t o establish a computer controlled testing capability at NASA Lewis so that testing could be accomplished with minimal operator attention.
The automated strain gage test laboratory has the capability t o measure apparent strain and gage factor over a range of temperatures from 300 t o 1370 K. The laboratory has two ovens (one of which contains a test fixture for a constant strain beam), a computer controlled actuator for deflecting the beam, strain gage and temperature instrumentation, and a personal computer for controlling the tests and collecting the data. Communication between various parts of the system is accomplished using both an IEEE-488 data bus and an RS-232 serial interface. A very versatile control program was developed that allows us to construct a variety o f test profiles by entering a series of temperatures and command statements into a data set. Figure 16 shows a block diagram of the system. One approach t o better utilization o f available strain gages is outlined by Stetson (1984) . In this work using Kanthal A-1 alloy. it was determined that the apparent strain of the gage was strongly affected by the rate at which the gage was cooled from the highest use temperature. Further, the apparent strain for the next thermal cycle followed that established by the cooling part of the previous cycle; a repeatable apparent strain could be obtained if the cooling rate could be reproduced during each thermal cycle. This implies that an accurate apparent strain correction could be obtained by matching the cooling rate during calibration t o that which would be impressed on the strain gage during use. cooling rates be controllable during use and that is not always possible. (1984) . the cooling rates could be matched and, although it took considerable effort, the result was usable static strain measurements at temperatures up to 9 5 0 K. 
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by 20 cm w e r e instrumented w i t h Kanthal A-1 and Chinese FeCRAl 700 "C (Wu e t a l . , 1981) s t r a i n gages. A p l a t e h o l d i n g f i x t u r e was made t h a t p e r m i t t e d cooli n g gas t o f l o w over the p l a t e u n i f o r m l y so as t o g e t c o n t r o l l e d c o o l i n g r a t e s . The Kanthal A -I gages were mounted u s i n g a flame sprayed alumina and ceramic cement process and the Chinese gages w e r e mounted w i t h a Chinese ceramic cement using d i r e c t i o n s supplied w i t h the gages. The p l a t e s were a l s o instrumented w i t h 10 thermocouples so as t o measure the temperature d i s t r ib u t i o n a t the s t r a i n gages. Apparent s t r a i n measurements were made over a temperature range f r o m 300 t o 950 K w i t h c o o l i n g r a t e s c o n t r o l l e d a t 0.1, 1.0, and 5.6 K/sec. Figure 17 shows the r e s u l t i n g r e s i s t a n c e versus temperature data. P l o t t e d here a r e f r a c t i o n a l changes i n r e s i s t a n c e for one each o f the Kanthal A -I and Chinese gages f o r the t h r e e d i f f e r e n t c o o l i n g r a t e s . The data show the Kanthal gage t o be s t r o n g l y dependent on c o o l i n g r a t e b u t repeatable i n r e s i s t a n c e a t the maximum temperature. The r e s i s t a n c e of t h e Chinese gage i s independent o f c o o l i n g r a t e a t both 300 and 950 K, b u t a t intermediate temperatures the curves d e v i a t e depending on c o o l i n g r a t e . The maximum d e v i a t i o n s i n these curves occur i n the temperature range from 650 t o 800 K, roughly the same r e g i o n f o r which h i g h d r i f t r a t e s have been r e p o r t e d f o r the Chinese gages (Hobart, 1985) .
O p t i c a l S t r a i n Measurement
O o t i c a l svstems mav n o t orovide exact a l t e r n a t i v e s t o r e s i s t a n c e -s t r a i n gages f o r a1 1 t u r b i n e engine a p p l i c a t i o n s , b u t they appear t o have h i g h p o t e n t i a l f o r p r o v i d i n g h i g h temperature, noncontact, twodimensional s t r a i n measuring systems w i t h v i r t u a l l y u n l i m i t e d s t r a i n range. An o p t i c a l technique t h a t r e q u i r e s no m o d i f i c a t i o n t o t h e surface under t e s t uses l a s e r speckle p a t t e r n s . These p a t t e r n s are formed by c o n s t r u c t i v e and d e s t r u c t i v e i n t e r f e r e n c e o f l a s e r l i g h t r e f l e c t e d from a d i f f u s e surface. The source o f the p a t t e r n i s the i r r e g u l a r i t i e s i n t h e surface; when the surface i s d i s t o r t e d , for example by s t r a i n i n the plane o f the surface, the speckle p a t t e r n changes. Precise measurements o f changes i n recorded speckle p a t t e r n s can p r o v i d e i n f o r m a t i o n on the s t r a i n imposed on the surface. A p r a c t i c a l implementation o f t h i s technique i s a l a s e r speckle photogrammetric system i n which speckle p a t t e r n s a r e recorded on photographic f i l m (Stetson, 1983) . Speckle p a t t e r n photographs ( c a l l e d specklegrams) are made a t d i f f e r e n t increments o f l o a d i n g o f the t e s t sample and then p a i r s o f specklegrams a r e examined i n an automated i n t e r f e r o m e t r i c photocomparator. niques t o achieve accurate measurements t o a f r a c t i o n of an i n t e r f e r e n c e f r i n g e . No attempt w i l l be made here t o describe t h i s system i n d e t a i l ; i t has been thoroughly described i n the open 1 i t e r a t u r e (Stetson, 1983) .
The l a s e r speckle photogrammetric system has s u c c e s s f u l l y measured high-temperature surface deformat i o n . Stetson (1983) describes an experiment t o measu r e t h e thermal expansion o f an u n r e s t r a i n e d p l a t e o f H a s t e l l o y X a t temperatures up t o 1150 K. was heated i n a l a b o r a t o r y furnace t o 1150 K and then allowed t o cool t o 500 K over a p e r i o d o f several hours. i n t e r v a l s d u r i n g the h e a t i n g and c o o l i n g and succeeding specklegram p a i r s were used t o determine the thermal expansion o f the p l a t e . Measured thermal expanison agreed w i t h values c a l c u l a t e d from the measured temperature and the thermal expansion c o e f f i c i e n t t o w i t h i n 3 percent. grammetric system i n t e s t c e l l environments.
The system uses heterodyne techThe p l a t e Specklegrams were recorded a t r o u g h l y 200 K
We have attempted t o use the l a s e r speckle photo-I n one attempt we recorded specklegrams of a combustor l i n e r i n a high-temperature, high-pressure combustor t e s t r i g (Stetson, 1984) . The specklegrams were taken through a viewing p o r t i n the pressure vessel o f t h e t e s t r i g as combustor pressure and temperature were v a r i e d . A p o t e n t i a l problem i n t h i s a p p l i c a t i o n i s t h a t t h e highpressure c o o l i n g a i r f l o w i n g over t h e e x t e r i o r surface o f the combustor l i n e r i s i n the o p t i c a l viewing path, and turbulence i n the . This e f f e c t proved to be a fundamental l i m it a t i o n f o r the measuring system i n t h i s a p p l i c a t i o n when combustor pressure was higher than approximately 3 atm. We i n t e n d t o explore f u r t h e r h i g h temperature a p p l i c a t i o n s o f o p t i c a l s t r a i n measuring systems.
T H I N FILM SENSORS
One o f the fundamental precepts of experimentation i s t h a t the sensors used t o get experimental d a t a must n o t p e r t u r b t h e s u b j e c t o f the experiment from i t s cond i t i o n p r i o r t o the i n t r o d u c t i o n o f the sensors. I n t u r b i n e engine t e s t i n g there are many s i t u a t i o n s i n which t h i s precept may be v i o l a t e d . A prime example i s the measurement o f t u r b i n e a i r f o i l surface temperature. Conventional technology involves l a y i n g sheathed t h e rmocouple w i r e i n t o grooves c u t i n t o the surface o f t h e a i r f o i l , then covering t h e i n s t a l l a t i o n and smoothing the a i r f o i l contour. Although the a i r f o i l contour i s r e s t o r e d , the thermocouple d i s t u r b s the temperature d i s t r i b u t i o n , does n o t g i v e a t r u e measure of the outside surface temperature, and threatens t h e i n t e g r i t y o f the s t r u c t u r e o f t h i n walled blades and vanes. appears t o be an i d e a l s o l u t i o n for blade and vane surface temperature measurement (Grant and Przybyszewski, 1980 ; Grant e t a l . , 1981; Grant e t a l . , 1982). A s seen i n the cross-sectional sketch o f t h e sensor i n F i g . 20, the sensor has minimal i n t r u s i v e n e s s . I n t h i s case t h e blade o r vane, coated w i t h an M C r A l Y a n t i c o r r o s i o n c o a t i n g , i s p o l i s h e d and then o x i d i z e d t o form an adherent surface c o a t i n g o f aluminum oxide. Addit i o n a l aluminum oxide i s deposited over t h i s f i l m t o form an e l e c t r i c a l l y i n s u l a t i n g f i l m o f r o u g h l y 2 pm thickness. F i l m s o f thermocouple a l l o y ( P t and PtlOXRh) are s p u t t e r deposited through a p p r o p r i a t e masks so t h a t the f i l m s o v e r l a p a t one p o i n t t o form the thermocouple j u n c t i o n . The thermocouple f i l m s extend t o the r o o t o f the vane where connections t o conventional leadwires are made. Film-to-leadwire connections are made by p a r a l l e l -g a p welding. The comp l e t e i n s t a l l a t i o n o f i n s u l a t i n g f i l m and thermocouple a l l o y f i l m s has a thickness o f l e s s than 20 pm. The i n s t a l l a t i o n has n o t changed the contour or t h e s t r e n g t h of the component and the g r e a t e s t thermal changes apparent are the d i f f e r e n t absorptance and emittance o f the thermocouple f i l m s compared t o t h e o x i d i z e d M C r A l Y surface. The technology f o r t h i n f i l m thermocouples and t u r b i n e a i r f o i 1 s has been developed t o t h e e x t e n t t h a t instrumented vanes and blades a r e being used i n t u r b i n e engine t e s t s a t temperatures up to 1250 K.
Thin f i l m sensor development work i s going on both a t c o n t r a c t o r f a c i l i t i e s and a t NASA Lewis. f i g u r e 21 shows the t h i n f i l m sensor l a b o r a t o r y a t NASA Lewis. The l a b o r a t o r y i s housed i n a clean r o o m i n which both temperature and humidity a r e c o n t r o l l e d . On t h e l e f t i n the photograph are t h r e e vacuum s p u t t e r i n g machines 
CONCLUDING REMARKS
A t the f a r r i g h t edge o f the phoThis paper has reviewed the s t a t e o f development of a number o f advanced i n s t r u m e n t a t i o n p r o j e c t s a p p l i c ab l e t o t h e h o t sections o f t u r b i n e engines. these p r o j e c t s a r e complete and the i n s t r u m e n t a t i o n i s i n use. This i s t h e case for the Combustor Viewing System, t h e Dynamic Gas Temperature Measuring System, t o t a l heat f l u x sensors, the l a s e r anemometry p r o j e c t s described here, and t h i n f i l m thermocouples. Work i n the general area o f t h i n f i l m sensors i s c o n t i n u i n g i n order t o f u r t h e r improve the technology and expand sensor types and a p p l i c a t i o n s . The work t o improve our high-temperature s t r a i n measuring c a p a b i l i t y i s s t i l l i n progress. 
